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Abstract 10 
Vortex-induced motions (VIM) is becoming a noteworthy issue for column-stabilized floating 11 
platforms, mainly due to its substantial fatigue damage to risers and mooring system. The VIM of 12 
deep-draft semi-submersible is more complex than single column floaters because of the wake 13 
interference between columns, as well as the considerable yaw motions. In the present work, a 14 
numerical approach for simulating VIM of deep-draft semi-submersible is proposed. Specifically, 15 
detached-eddy simulation is used for turbulence modeling and dynamic overset grid technique is 16 
used for moving objects. Simulations for stationary drag and VIM of a model-scale paired-column 17 
semi-submersible are conducted with the proposed approach. The numerical results are compared 18 
with experimental data. Transverse, in-line and yaw motions are allowed during VIM simulations 19 
and are further analyzed in frequency domain by Fast Fourier Transform (FFT). Different VIM 20 
characteristics are observed at different current velocities. The work done by each component of 21 
the structure is also discussed. Flow visualizations are presented for better understanding of the 22 
wake interferences during VIM. The accuracy and reliability of the current numerical approach is 23 
assessed.  24 
Keywords: Vortex-induced motions; paired-column semi-submersible; detached-eddy 25 
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simulation; overset grid; naoe-FOAM-SJTU solver 26 
 27 
1. Introduction 28 
Modern offshore structures are often designed to have deep draft stabilized columns and low 29 
gravitational center in order to suppress the wave-induced motions, especially for heave motions. 30 
These column structures are subject to motions that are induced by the periodical fluctuation 31 
forces and vortex shedding when currents velocities exceed a few knots. The term vortex-induced 32 
motions (VIM) is coined to describe the phenomenon as the motions are caused by vortices. VIM 33 
is a matter of high complexity, mainly due to the high Reynolds numbers turbulent flows around 34 
floating structure with complex geometry, as well as six-degrees-of-freedom motions that are 35 
determined by various kinds of forces such as hydrodynamic forces, mooring forces, gravitational 36 
forces, not to mention the interaction between the fluids and structures. VIM is similar to 37 
vortex-induced vibrations (VIV). The latter generally represents the high frequency vibrations of 38 
rigid or flexible cylinders with large aspect ratio, such as risers and cables. In contrast, VIM 39 
describes the much longer period motions of large volume offshore structures, such as Spars, 40 
monocolumn, semi-submersibles, TLPs and buoys. In the oil drilling production environment, the 41 
floating structures are moored with mooring lines. The floating structure and mooring lines can be 42 
treated as a spring-mass system. When the frequency of external excitation (vortex shedding or 43 
transverse hydrodynamic force) is at or near the structural natural frequency of the system in still 44 
water, the storage of vibrational energy increases rapidly which produces large amplitude 45 
oscillations up to one diameter of column. Unlike stationary cylinder whose shedding frequency is 46 
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proportional to velocity, the shedding frequency of spring-supported cylinder is locked in one 47 
natural frequency of the cylinder. This so-called “lock-in” phenomenon greatly accelerates the 48 
fatigue failure of mooring and risers system and reduces the service life span of offshore platforms 49 
[1]. 50 
There have been plenty of studies on VIM for various kinds of offshore platforms, most of which 51 
are performed by means of model tests in towing tanks and numerical simulations with 52 
computational fluid dynamic (CFD). Geometric similitude is important for model test and is 53 
achieved by scaling not only model geometry but also appurtenance from prototype accurately. 54 
Another important aspect is dynamic similitude which requires the properly scale of natural 55 
periods, mass ratio and reduced velocities [2]. It is well known that it’s impossible to keep both 56 
Reynolds number scaling and Froude number scaling for hydrodynamic model testing of offshore 57 
structures. VIM model tests apply Froude scaling for hydrodynamic similitude due to the speed 58 
limitation of towing facilities. The scaling effect brought by Reynolds number has been addressed 59 
by Roddier et al. [3]. They conducted a series of model tests for the hard tank part of a Truss Spar 60 
model in three different scale ratios (three different Reynolds regimes) and concluded that there 61 
are little differences between sub-critical and super-critical regimes, which means Froude scaling 62 
in terms of geometric and dynamic similitude is applicable for VIM. 63 
Recently, numerical simulation based on CFD has been improved with the advancing of 64 
computer science and numerical modeling. There have been significant progress in the application 65 
of CFD to predict deep-draft semi-submersible VIM [4–11]. The comparison of CFD results 66 
against model test data in these literatures shows the capability of CFD in modeling VIM with 67 
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remarkable accuracy. Most of the simulations were carried out with commercial CFD software, 68 
such as the finite element solver AcuSolve [4,7,8,11] and the finite volume solvers Star-CCM+[5,7] 69 
and Fluent [7,8]. Exceptions are Lee et al. [6] and Chen and Chen [9] who investigated the 70 
round-corner effect and scale effect of VIM of a deep-draft semi-submersible at model scale and 71 
full scale using an in-house Finite-Analytic Navier-Stokes (FANS) code which solves 72 
Reynolds-Average Navier-Stokes (RANS) equations in curvilinear body-fitted coordinate system 73 
with overset structured grid capability. Rosetti et al. [12] presented numerical simulations of VIM 74 
of a semi-submersible with circular columns in 0 and 45 degrees current heading by using 75 
ReFRESCO which is an in-house viscous-flow CFD code that solves multiphase unsteady 76 
incompressible flows using Navier-Stokes equations. Recently, the open source CFD software 77 
OpenFOAM raises as a popular CFD software in both academia and industry due to its flexible 78 
and extensible design and good source code quality. It’s easy and convenient to implement 79 
customized functionality based on the framework. Zhao et al. [13] simulated VIM of a Spar 80 
platform in uniform currents using an in-house solver naoe-FOAM-SJTU which is developed 81 
based on OpenFOAM. The effectiveness of helical strake on suppressing VIM was discussed. 82 
Kara et al. [10] calculated VIM of a paired-column semi-submersible using the free, open source 83 
CFD software OpenFOAM. They implemented an in-house 6 degree-of-freedom (6DoF) solver 84 
with nonlinear coupling of accelerations and velocities to solve the motions. The 6DoF solver has 85 
an interface for generalized external forces such as spring forces. They also highlighted the key 86 
aspects of CFD methodology for VIM simulations and concluded that the detached-eddy 87 
simulation (DES) is a powerful turbulence model in estimating response amplitude and periods. 88 
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In the present paper, the CFD simulation of a paired-column semi-submersible with eight-columns 89 
and squared-pontoon hull configuration is performed using the in-house CFD code 90 
naoe-FOAM-SJTU. To resolve the turbulent wake structures and predict the wake interference 91 
between columns and pontoons, a DES turbulence model (SST-DDES) is employed. An 92 
unstructured overset grid approach is adopted to avoid mesh distortion and support the arbitrary 93 
large movements of hull. The objective of the present study is to demonstrate the validity of the 94 
current numerical approach to VIM problems. The approach is discussed and applied to a problem 95 
of VIM for semi-submersibles. Results are compared with experiments and simulation results 96 
from the RPSEA 5404 project [14]. 97 
2. Mathematical and numerical methods 98 
A finite volume CFD solver naoe-FOAM-SJTU [15,16] is used to perform all simulations. The 99 
naoe-FOAM-SJTU was initially developed based on the open source platform OpenFOAM 100 
version 2.0.1. It was derived from interDyMFoam (a standard solver from OpenFOAM) with an 101 
in-house 6DoF solver based on Euler angles and a wave generation and absorption module for 102 
various types of regular and irregular waves common in marine and ocean engineering. 103 
Furthermore, the dynamic overset capability was implemented into the solver in coupled with 104 
Suggar [17] to perform large amplitude hull motions. Recently, the solver was upgraded to 105 
OpenFOAM version 3.0 and use Suggar++ [18], an improved version of Suggar, to compute 106 
domain connectivity information (DCI), and to connect fields solutions among multiple overset 107 
mesh blocks. The naoe-FOAM-SJTU has been validated against a majority of steady and unsteady 108 
problems [19–21]. In this study, the free surface was neglected due to the low Froude number 109 
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condition. 110 
2.1 Governing equations and turbulence modeling 111 
The flow is treated as single-phase and incompressible. The continuity and momentum equations 112 
for turbulent flow in vectorial form are written as 113 
 0 U  (1) 114 
 
1
( ) ( ) ( )g eff effp
t
 


         

U
U U U U U  (2) 115 
where, U  is the fluid velocity and gU  is the grid velocity, p  is the pressure and   is the 116 
fluid density. The effective viscosity is defined as eff t    , where   is the molecular viscosity 117 
and t  is the turbulent eddy viscosity. 118 
The delayed DES (DDES) formulation of k   shear stress transport (SST) model is employed 119 
for turbulence modeling. The SST model is a blended k  / k   model which has been proven 120 
to be robust and accurate for turbulent flows around complex geometries in industry. DDES is a 121 
hybrid RANS/LES method which combines the best practice of RANS and LES in a single 122 
solution strategy. In this study, SST-DDES solves flow field using k   SST model in the near 123 
wall regions and converts to LES subgrid-scale model in other regions after flow separation. The 124 
transport equations for SST are given as 125 
  
3/2
( ) ( )k t
k k
k G k
t l
  

       

U  (3) 126 
  2 2 1( ) ( ) (1 )t kS F CD
t
 

      

         

U  (4) 127 
where k  is the turbulent kinetic energy and   is the specific dissipation rate. The turbulence 128 
length scale l  in SST model is defined as 
3/2
*RANS
k
l l
k 
  . SST-DDES modifies the length 129 
scale to become DDESl  which can be written as 130 
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 max(0, )DDES RANS d RANS DESl l f l C     (5) 131 
where df  is empiric blending function defined as 132 
 2
11 tanh ( )
dC
d d df C r      (6) 133 
 
2 2 2 20.5( )
t
d
w
r
d S
 




 (7) 134 
Here S  and   are strain rate and vorticity tensor invariants, 0.41   is the von Karman 135 
constant, wd  is wall distance. The blending function df  is zero inside boundary layer to 136 
deactivate the DES limiter and protect the boundary layer from earlier separation. 137 
2.2 6DoF rigid body solver 138 
There has already been a standard 6DoF rigid body motion solver in OpenFOAM. In this 6DoF 139 
solver, the rigid body motion state is described by quaternions. While in the marine and ocean 140 
engineering context, an Euler angle description of motions for marine structures is preferred for 141 
convenience. Therefore, an in-house 6DoF solver based on Euler angles for marine hydrodynamic 142 
applications was adopted in naoe-FOAM-SJTU [15]. Two coordinates, namely inertia and 143 
non-inertia frame, are used for solving the motion equations of the rigid body. The inertial frame 144 
or Earth frame is fixed to Earth or moves at a constant speed with respect to the Earth. The 145 
non-inertial frame or body-fixed frame is fixed on the rigid body and translates and rotates 146 
according to the motions of rigid body with respect to the inertial system. The two coordinate 147 
frames are related to each other by the positions ( , , )x y z  (surge, sway, heave) and Euler angles 148 
( , , )    (roll, pitch, yaw) of the rigid body in Earth frame. The transformation of linear velocity 149 
( , , )u v w  angular velocity ( , , )p q r  in body-fixed frame between the two coordinate frames can be 150 
done by two transform matrix 1J  and 2J  [16]. The 6DoF rigid body motion are obtained by 151 
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applying Newton’s 2
nd
 law and governed by the following equations in body-fixed coordinate 152 
frame 153 
  
2 2
2 2
2 2
/ ( ) ( ) ( )
/ ( ) ( ) ( )
/ ( ) ( ) ( )
1
( ) [ ( ) ( )]
1
( ) [ (
g g g
g g g
g g g
z y g g
x
x z g
y
u X m vr wq x q r y pq r z pr q
v Y m wp ur y r p z qr p x qp r
w Z m uq vp z p q x rp q y rq p
p K I I qr m y w uq vp z v wp ur
I
q M I I rp m z u vr
I
        
        
        
        
     
 
) ( )]
1
( ) [ ( ) ( )]
g
y x g g
z
wq x w uq vp
r N I I pq m x v wp ur y u vr wq
I
   
        















 (8) 154 
where m  is the mass and , ,x y zI I I  are the moments of inertia around centre of rotation, 155 
, , , ,X Y Z K M  and N  are surge, sway, heave forces and roll, pitch, and yaw moments. By solving 156 
the 6DoF motion equations, the linear and angular accelerations in body-fixed frame are obtained. 157 
The linear and angular velocities in body-fixed frame are obtained by integral acceleration over 158 
time and then they are transformed to Earth system. Finally, the translations and rotations 159 
increments are obtained by integral velocities over time and they are used in the next stage for grid 160 
motion. The current implementation of 6DoF motion solver reserves an interface of generalized 161 
external forces (such as mooring forces or constant force). 162 
2.3 Mooring system 163 
Mooring system consists of several mooring lines. Each mooring line is anchored to a fixed point 164 
at one end and attached to the moving body at the other end. The framework of mooring system 165 
follows the object-oriented (OO) design approach and OpenFOAM data structures. An abstract 166 
base class named mooringLine is designed for describing general mooring line. This class 167 
provides interfaces such as computing forces and moments (around centre of rotation), updating 168 
mooring line shapes. These member functions will be implemented in derived classes for different 169 
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types of mooring lines. Currently supported mooring line types include linearSpring, catenary, 170 
PEM (piecewise extrapolation method) and LMM (lumped mass method). It is easy to extend the 171 
mooring system and add new mooring line types based on the current framework thanks to the OO 172 
design. Finally, a wrapper PtrList<mooringLine> is used for the whole mooring system that 173 
consisting all kinds of mooring lines, as shown in Figure 1. The solution procedure of mooring 174 
system is as summarized follows: compute mooring forces and moments and add them as external 175 
excitation to the rigid body motion equations; solve the 6DoF motion equations and update motion 176 
state for rigid body; update the mooring line shape for current time step and step forward to next 177 
time step. In the present study, all mooring lines are treated as linear springs. 178 
 179 
Figure 1: Framework of mooring system module 180 
2.4 Overset grid 181 
The naoe-FOAM-SJTU uses an overset grid system to solve the flow field. This is achieved by the 182 
combination of the grid assembly Suggar++ [18] and OpenFOAM. Details of the coupling 183 
strategy can be referred to Shen’s work [16] and only a brief introduction is presented here. 184 
A parallel scheme is archived in naoe-FOAM-SJTU by running OpenFOAM and Suggar++ 185 
processors simultaneously. Suggar++ is responsible for computing DCIs that contain cell type 186 
information (e.g., active, hole, orphan, fringe and donor) and interpolating weighting factors. 187 
OpenFOAM was responsible for solving fluid, computing forces and motions of the rigid body, 188 
updating mesh. DCIs are sent from Suggar++ to OpenFOAM processors with MPI. Currently, 189 
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Suggar++ does not recognize OpenFOAM mesh format, a copy of overset mesh will be converted 190 
from OpenFOAM format to Suggar++ supported format before computation. In other words, the 191 
solver keeps two separated grid instance, one for OpenFOAM and one for Suggar++. The 192 
Suggar++ grid is updated with the rigid body motion state obtained by OpenFOAM. 193 
2.5 Solution strategy 194 
The overall solution strategy is illustrated in Figure 2. At the beginning of simulation, OpenFOAM 195 
read meshes, boundary conditions and initial conditions for initialization. After that OpenFOAM 196 
receives DCIs from Suggar++, performs PIMPLE loop to obtain pressure and velocity and solves 197 
transport equations for turbulence quantities. Then pressure, viscous and mooring forces are 198 
computed and motions are predicted. The motion data will be sent to Suggar++ to update grids 199 
used by Suggar++. The DCIs in Suggar++ processor is decomposed by OpenFOAM’s domain 200 
decomposition and cell distribution information and will be sent to each OpenFOAM processor. 201 
   202 
Figure 2: Flow chart of the whole solution strategy 203 
3. Simulation design 204 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
11 
 
3.1 Geometry and conditions 205 
The geometry is a paired-column semi-submersible, which is a part of the RPSEA 5404 project 206 
[14]. Figure 3 shows the dimensions of prototype in side view and top view. The column height 207 
and pontoon height are 74.4m and 8.2m, respectively, resulting in an overall height of 82.6m. The 208 
draft is 53.3m. Columns are divided into outer column (OC) and inner column (IC). OCs are 209 
connected to ICs at four corners via pontoon. Both OC and IC have rectangular section, while 210 
sizes are different, i.e., 14x13.4m and 14x10.4m, respectively. The base gap between OC and IC is 211 
20.4m, and tensioner stroke is 8.5m. The model scale for PC Semi in the current study is 1:54. 212 
Details about the main particular of the PC Semi geometry in both full-scale and model-scale can 213 
be found in Table 1. 214 
 215 
Figure 3: Side view and top view of the prototype geometry 216 
Table 1: Main particulars of the prototype and model 217 
Name Notation (unit) Prototype Model 
Overall width B (m) 113.4 2.1 
Draft T (m) 53.3 0.987 
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Immersed column height above 
pontoon 
H (m) 44.6 0.826 
Outer column size LOC × WOC (m) 13.4 × 14 0.248 × 0.259 
Outer column characteristic 
length 
D (m) 19.4 0.36 
Inner column size LIC × WIC (m) 10.4 × 14 0.192 × 0.259 
Inner column characteristic 
length 
d (m) 17.4 0.32 
Center-to-center distance of 
outer column 
SOC (m) 96.0 1.78 
Center-to-center distance of 
inner column 
SIC (m) 50.3 0.93 
Pontoon height P (m) 8.7 0.16 
Pontoon width Lp (m) 12.5 0.23 
The case conditions consist of two parts: the stationary drag and the VIM simulation. In stationary 218 
drag simulation, the semi-submersible is fixed and not allowed to move. Static overset grid is used 219 
for stationary drag simulation. In this approach, as the hull is stationary and grids do not move, 220 
DCIs are computed at the beginning of the simulation and do not need to be updated in the 221 
following time steps. VIM simulation utilizes dynamic overset grid to perform hull boundary 222 
movement. In every time step, the DCIs are reinitialized automatically to update the hole-cutting 223 
geometry. Motions in horizontal plane (e.g., surge, sway and yaw) are allowed during VIM 224 
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simulation. 225 
3.2 Coordinate system and grids 226 
A right-handed Cartesian coordinate system O-XYZ is used in the simulations. The origin O is 227 
located at the center point of hull geometry on the surface water line. X-axis coincides with current 228 
direction and points towards the downstream. Y-axis points to the transverse direction (starboard) 229 
that perpendicular to current and Z-axis points upwards. 230 
The computational domain is set as 7 4 3.5B B T   (length × width × depth) for all simulations as 231 
shown in Figure 4. Here, B  is the overall width and T  is the draft of the hull. In previous 232 
studies of semi-submersible VIM, the computational domain size are slightly different. Kim et al. 233 
[4] used a domain of 14 12 4.5B B T  . A 27 18 6B B T   domain was adopted by Tan et al. [5], and 234 
18 12 6B B T   by Liu et al. [22]. Compared with these domains, smaller domain size is also 235 
acceptable. For example, Lee et al. [6] numerically studied VIM of a deep-draft semi-submersible 236 
using computational domains of 6 4.5 2.8B B T   and 5 4 2.2B B T  . A 9 6 3B B T   domain was 237 
selected by Liang and Tao [23] in their studies of vortex shedding process of flow around a 238 
deep-draft semi-submersible. It is reasonable that the current domain size is large enough to 239 
eliminate effect from boundaries at two lateral sides, downstream and bottom. 240 
 241 
Figure 4: Computational domain and boundaries 242 
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A constant and uniform flow condition is employed for all simulations. The boundary condition 243 
for velocity is set as ( ,0,0)U  (U the current velocity) at inlet and zero gradient at outlet. As for 244 
pressure, a zero gradient boundary condition and zero value is set for inlet and outlet, respectively. 245 
Symmetry planes are specified for two lateral sides and bottom boundaries. Besides, symmetric 246 
boundary condition is also applied for top due to the ignorance of free surface effect at low Froude 247 
number conditions. For hull surface of the PC Semi, a no-slip boundary condition is prescribed 248 
which assigns the velocity to wallU  and the pressure to zero normal gradient. 249 
An unstructured polyhedral multi-block overset grid system is used throughout the present study. 250 
The grid system consists of two blocks, namely the background and hull grid, which are generated 251 
individually and then assembled into a single mesh. The background mesh block is hexahedral and 252 
has a uniform grid spacing. The hull mesh block is based on predominantly Cartesian cut-cell 253 
approach and has a same initial base grid size with background mesh block to avoid orphans when 254 
performing overset DCI calculation. The near hull and wake regions are refined in the hull mesh 255 
block in order to capture the boundary layers and wake structures induced by flow separations. 256 
Four different levels of refinement zones are utilized to archive higher accuracy in critical regions. 257 
In the vicinity of columns and pontoons, 10 prism cell layers are applied to hull boundary to 258 
capture the boundary layer development. For all cases, the non-dimensioned wall distance of the 259 
first layer satisfies y+<1, which makes sure the first layer cells are located in the viscous sublayer. 260 
An example mesh can be found in Figure 5. 261 
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 262 
Figure 6: Overset mesh assembly and hull surface mesh 263 
DES resolves scales in the wake regions after flow separation. Thus, it is vital to avoid excessive 264 
numerical dissipation, which is guaranteed by discretizing all terms in governing equations using 265 
high-order schemes. The temporal derivatives in both momentum and turbulence quantities 266 
equations are discretized by second-order backward differencing scheme. A second-order upwind 267 
scheme, stabilized for transport (linear-upwind stabilized transport, LUST) is applied for 268 
convection term in momentum equation. For turbulent quantities convection terms, a second-order 269 
Total Variation Diminishing (TVD) limited linear scheme is used. The merged PISO-SIMPLE 270 
(PIMPLE) algorithm is used for pressure-velocity decoupling. 271 
3.3 Mooring stiffness 272 
The most vital part of mooring system is not the configuration of the mooring lines but the 273 
equivalent restore stiffness provided by the mooring system. As the stiffness has direct influence 274 
on the moored floating body’s natural period which significantly affect the VIM response 275 
characteristics. To make the comparison with experimental data meaningful, one must verify the 276 
effective stiffness before VIM simulation. In the experiments [24], the model was equipped with 277 
frictionless air bearings that slide along a horizontal plate. This air bearing system allows the 278 
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model moving freely in the horizontal plane. Meanwhile, the vertical motions are constrained. 279 
Table 2  lists the mass and stiffness properties of the hull and mooring system from experiment.  280 
Table 2: Main particular for mass and stiffness system at model scale 281 
Name Value Dimensions 
Mass 490.2 kg 
Radius of gyration 0.77593 m 
Transverse stiffness 173.98 N/m 
Yaw stiffness 5.23 Nm/deg 
Transverse natural period 15.45 s 
Yaw natural period 9.32 s 
 282 
In the present numerical simulations, an equivalent horizontal mooring system is used. The 283 
mooring system consists of four linear springs that distribute along positive and negative X-axis 284 
and Y-axis. Figure 7 depicts the sketch of the mooring system. All spring are pretensioned and the 285 
pretension should be large enough to ensure that the spring would not relax during VIM.  286 
 287 
Figure 7: Schematic of the mooring system configuration 288 
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To perform validation for stiffness, static offset tests and free decay tests are carried out in 289 
sequence. In static offset tests, the hull is prescribed to move in Y-axis and rotate around Z-axis, 290 
respectively, without solving flow field. Parameters such as stiffness and pretension of each spring 291 
are adjusted to match the global horizontal and vertical (yaw) stiffness of model test. After static 292 
offset test, the spring parameters are used for free decay tests. The free-decay tests allow hull 293 
oscillating with a prescribed initial offset or velocity in the absence of inflow. Transverse and yaw 294 
decay test are conducted separately to verify the natural transverse and yaw period of the mooring 295 
system. The time histories and spectral analyses of free decay test are shown in Figure 8. The 296 
deviations of natural period between CFD and EFD for transverse motion and yaw are 0.6% and 297 
2%, respectively, showing the correct equivalent linear and rotational stiffness are provided by the 298 
current mooring configuration.  299 
 300 
 301 
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Figure 8: Time history and spectral analysis of transverse and yaw decay test 302 
4. Results and discussion 303 
4.1 Stationary drag simulation 304 
In this case, the current velocity is 0.272m/s. The time step is set to 0.02s in all simulations 305 
including VIM simulations in the next section. Grid convergence study is performed on this case. 306 
Three different mesh sizes are considered. Note that the overset mesh blocks used in the current 307 
study is unstructured grid. The background mesh block is uniform hexahedral mesh and is easy to 308 
refine in three directions of the Cartisian coordinate system. Contrary to background, the hull 309 
mesh block is obtained by cut and splitting cells in refinement region on an initial Cartisian grid. 310 
Following the recommendation by Shen et al. [15,16], to achieve consistent grid refinement ratio 311 
in three directions, the Cartisian grid is refined systematically by a factor. Table 3 lists the details 312 
of different cases in grid sensitivity study. Grid refinement ratio 1.4r   is selected for 313 
convergence study. Total grid number for coarse, medium and fine mesh are 1.04×10
6
, 2.53×10
6
 314 
and 6.25×10
6
, respectively. The grid independent study shows that S2 is fine enough to get reliable 315 
results at a relatively low computational cost and it is used in the following studies. 316 
Table 3  Grid independent study for stationary drag simulation 317 
Case ID No. of cells (×106) DC  rmsLC  
  Total Backgroud Hull   
Fine S1 6.25 0.29 5.96 0.673 0.021 
Medium S2 2.53 0.10 2.43 0.689 0.022 
Coarse S3 1.04 0.04 1.00 0.726 0.048 
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EFD  - - - 0.683(±3.0%) - 
 318 
Figure 9 shows the instantaneous flow visualizations presented by streamwise velocity contour 319 
and streamlines on two cut-planes at z/H=-0.5 and z/H=-1. It can be seen that wake interference 320 
between side-by-side OCs is insignificant. However, the wake behind front OC is strongly 321 
influenced by the front IC. Asymmetric wake is observed due to the speed up between front OC 322 
and IC. The wake interaction between front and rear ICs is clear due to the small spacing ratio 323 
(L/d=2.89). As for front and rear OCs, the spacing ratio (L/D=4.95) is large enough that the wake 324 
interference is trivial. Figure 9(b) shows the existence of pontoon suppresses vortex sheds from 325 
the front OC inner flank. The coherent vortical structures along column vertical direction is 326 
destroyed at the low end by pontoon. This may indicates the damp effect of pontoon on VIM 327 
behavior. 328 
  
(a) z/H=-0.5 (b) z/H=-1 
Figure 9: Instantaneous streamwise velocity contours and streamlines 329 
4.2 VIM simulation 330 
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The non-dimensioned parameter reduced velocity is crucial to VIM response. It is defined as 331 
 n
r
UT
U
D
  (9) 332 
where U  is the current velocity or towing velocity, nT  is the natural transverse period in still 333 
water and D  is the characteristic length of the platform. In previous studies of semi-submersible 334 
VIM, see for example [25–27], D  was the projected length of column section perpendicular to 335 
flow direction. While in the current study, D  is 0.36m, which is the diagonal length of OC’s 336 
cross section. The definition is consistent with model test. 337 
Five reduced velocities are considered. The model-scale current speeds range from 0.07m/s to 338 
0.26m/s. The corresponding Reynolds numbers are in the order of 10
4
. When discussing motion 339 
characteristics of VIM, two sets of non-dimensional nominal responses are used throughout the 340 
present study. One is based on the root mean square [28,7,24] and the other is based on standard 341 
deviation [25] of motion response time series. The corresponding definitions are listed below 342 
 
 2 ( )
( / )
x
x rms
RMS A t
A D
D
 ,
 2 ( )
( / )
y
y rms
RMS A t
A D
D
 ,  ( ) 2 ( )rmsYaw RMS yaw t  (10) 343 
 
 2 ( )
( / )
x
x std
A t
A D
D

 ,
 2 ( )
( / )
y
y std
A t
A D
D

 ,  ( ) 2 ( )stdYaw yaw t  (11) 344 
Where RMS  and   are the root mean square and standard deviation from motion time series, 345 
respectively, ( )xA t , ( )yA t  and ( )yaw t  are time histories for in-line, transverse and yaw motions, 346 
respectively. To better representing the VIM characteristics, the transition stage at the beginning of 347 
VIM response is eliminated for all simulations when performing statistical analysis and spectral 348 
analysis. 349 
The nominal response in transverse direction is plotted in Figure 10. The black hollow square and 350 
circle represent the experimental data and CFD results taken from [24]. It’s worth noting that the 351 
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results at Ur=5 from model test have large dispersion for three repeated runs. In CFD simulations, 352 
it takes longer time (40 dimensionless time step) for this particular case to reach pseudo steady 353 
state (quasi-sinusoidal transverse motion). This can be interpreted as the beginning of lock-in 354 
range. The vibrational energy stored in the system is increasing slowly at this condition. This was 355 
also found by Chen and Chen [9] in their CFD simulations of a deep draft semi-submersible. They 356 
stated that for a rounded-corner column semi-submersible at Ur=6 for model scale and at Ur=4.4 357 
for prototype, a thousand more time steps is needed to reach the nominal amplitudes. As the 358 
current velocity increases, the vibrational energy increases more rapidly and the time to reach 359 
nominal amplitude decreases. The discrepancies between present CFD and AcuSolve is rather 360 
small. While both CFD results deviate from EFD with variation no more than 15%. Nevertheless, 361 
it is reasonable that the current approach of VIM simulation can be considered reliable. 362 
 363 
Figure 10: Nominal response of transverse motion 364 
The RMS and STD are complete coincidence, meaning the average position of transverse motion 365 
is near 0. When reduced velocity is small (Ur=3), the nominal transverse motion response is rather 366 
small (about 0.02). As the reduced velocity increases, the nominal response increases promptly, 367 
suggesting a synchronized behavior in transverse motions (5≤Ur≤9). The maximum amplitude is 368 
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up to 0.37 and occurs at the beginning of lock-in range (Ur=5). 369 
Figure 11 shows the nominal response in in-line direction. RMS represents the average offset to 370 
origin and STD represents the fluctuation of VIM in in-line direction. For immersed structure 371 
exposed to current, the overall drag on structure increases with the current velocity increases. The 372 
offset between equilibrium position and origin becomes larger. This explains the increasing RMS 373 
of in-line response. Compared with transverse motion, the STD of in-line motion is small, which 374 
indicates much smaller fluctuation of in-line response. In addition, larger STD values are found at 375 
higher reduced velocities (9≤Ur≤11), which may be caused by the unsteady natural of the force 376 
and moment in post-lock-in range.  377 
 378 
Figure 11: Nominal response of in-line motion 379 
In similar, Figure 12 shows the nominal response of yaw motion. The nominal yaw motion is 380 
monotonically increasing and reaches to about 2.55 degree at Ur=11. As mentioned previously, the 381 
natural yaw period ( ,n yawT =9.32s) is much smaller than the natural transverse period ( nT =15.45s). 382 
Obviously, yaw motion has a much higher natural frequency. Amongst the current cases, even the 383 
highest reduced velocity does not reach the range which synchronization occurs between vortex 384 
shedding and yaw motions. Redefining reduced velocity by yaw natural period ,
,
n yaw
r yaw
UT
U
D
 , 385 
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Ur=11 is corresponding to ,r yawU =6.6, which is exactly the lock-in range in terms of yaw. We have 386 
no reason to doubt that as current velocity continually increasing, the nominal yaw response may 387 
still increase but eventually decrease when it comes to the post-lock-in range in terms of yaw. 388 
 389 
Figure 12: Nominal response of yaw motion 390 
To better understanding the motion characteristics at different reduced velocities, further spectral 391 
analysis are performed for transverse, in-line and yaw motions. Figure 13 depicts the time history 392 
and FFT spectral analysis results for transverse motion at different reduced velocities. At low 393 
reduced velocity (Ur=3), the small and irregular motion response with multiple frequencies 394 
suggest a motion state before lock-in. After entering lock-in range, the transverse motion is 395 
characterized by a dominant frequency which can be clearly seen in Figure 13(b)-(d). This 396 
confirms the strong modulated transverse motion in lock-in range. Unlike VIV, in which the 397 
shedding frequency is locked on one natural frequency in a wide range of reduced velocities (see 398 
for example [29]), the motion frequency of semi-submersible does not lock on one particular 399 
frequency. Instead, it increases as the increasing of reduced velocity. This may be attributed to the 400 
complex hull geometry (e.g., the multi-column structure and pontoon). 401 
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(a) Ur=3 
 
(b) Ur=5 
 
(c) Ur=7 
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(d) Ur=9 
Figure 13: Time history and spectral analysis of transverse motion 402 
Similar to transverse motion, the time history and FFT spectral analysis for yaw motion are 
detailed in Figure 14. At pre-lock-in regime (e.g., Ur=3), yaw is fluctuating at small amplitude like 
transverse motion. When entering lock-in range (Ur=5), dominant frequency occurs and 
characterizes the yaw motion. It should be emphasized that as the reduced velocity continually 
increases, a second dominant frequency appears near yaw natural frequency. The first peak 
frequency is undoubtedly the consequence of vortex shedding, as it is coincidence with the 
transverse motion frequency at corresponding velocity. This corroborates that the yaw motion of 
semi-submersible is induced by vortex shedding. The phenomena was termed vortex-induced yaw 
or VIY [30]. The occurrence of the second dominant frequency is induced by the interaction, 
particularly the synchronization between yaw motion and vortex shedding. This was previously 
reported by Gonçalves et al [30] reported in their model test of a large-volume semi-submersible 
platform. The existence of VIY shows the importance of yaw motions together with transverse 
motions in the VIM study of semi-submersibles. It also increases the difficulty and complexity to 
estimate the fatigue failure of risers and mooring system for semi-submersibles. 
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(a) Ur=3 
 
(b) Ur=5 
 
(c) Ur=7 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
27 
 
 
(d) Ur=9 
Figure 14: Time history and spectral analysis of yaw motion 403 
Figure 15 plots the motion trajectories of the hull centroid on horizontal plane. No typical eight (8) 404 
shape trajectory is observed for all conditions. In lock-in range, the synchronized behavior results 405 
in pronounced transverse motion amplitude. The transverse motion response in post-lock-in range 406 
is the same magnitude to that in lock-in range. However, the in-line response fluctuates much 407 
stronger in pre-lock-in range. Trajectories at higher reduced velocities become more erratic. 408 
 409 
Figure 15: Motion trajectories of centroid at different reduced velocities 410 
To analysis the effect of columns and pontoon on VIM characteristic, the work done by each 411 
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component during stabilized VIM are calculated and presented in Figure 16. The work done is 412 
calculated with the following formula [31] 413 
 
( ) ( )
( ) ( )
x x
y y
x y
W F t x t dt
W F t y t dt
W W W
 
 
 

  (12) 414 
where xW  and yW  is work done in the in-line and transverse directions, respectively. W  is 415 
total work done. ( )xF t  and ( )yF t  are hydrodynamic force on each component in the in-line and 416 
transverse directions, respectively. 417 
For convenience, the columns are labeled by numbers. The definition can be found in Figure 7. 418 
Overall the work done by pontoon is negative for all reduced velocities. The magnitude of 419 
negative work done by pontoon are much larger than a single column, suggesting that pontoon 420 
could effectively mitigate VIM response. At low reduced velocity (Ur=5), the excitations of VIM 421 
are mainly from upstream columns (OC #1 and #2, IC #1 and #2). The downstream OCs damp 422 
VIM a little and ICs have nearly no effects on VIM. However, this is not always the case. The 423 
work done by two upstream OCs turn from positive to negative at high reduced velocity (Ur=9). 424 
On the contrary, the work done by other columns except two upstream OCs are all positive. The 425 
reason for this change is unclear yet. A possible explanation may be attributed to the complex 426 
wake interaction in this unique design of paired-column hull structure, as the work done transition 427 
from positive to negative did not observed in previous study of conventional four-column 428 
semi-submersibles [23,31]. 429 
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 430 
Figure 16: Total work done by each component 431 
Figure 17 presents the instantaneous spanwise vorticity contour at different reduced velocities. 432 
The vorticity is non-dimensionalized by the characteristic length and current velocity. The vortex 433 
shedding mainly occurs at two lateral rounded corners for each upstream column. Vortices shed 434 
from upstream column directly impinge on the downstream column, then collide and interact with 435 
the vortices shed from downstream columns. These vortices quickly break into small eddies in the 436 
wake region of downstream columns. As Ur increases to 5, VIM is entering lock-in scenario, the 437 
vortex shedding patterns changes distinctively. Synchronized vortex shedding patterns are clearly 438 
observed amongst the four upstream columns. Moreover, the vortices generated from two lateral 439 
rounded corner are reattaching to the backface of each upstream column after flow separation. 440 
This dramatically increases the hydrodynamic force and motion amplitude in transverse direction.  441 
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(a) Ur=3 (b) Ur=5 
  
(c) Ur=7 (d) Ur=11 
Figure 17: Instantaneous non-dimensional spanwise vorticity contour at half draft (z/H=-0.5) plane 442 
5. Conclusions 443 
Stationary drag and VIM simulations of a paired-column semi-submersible at model scale are 444 
performed using an in-house CFD solver naoe-FOAM-SJTU. The turbulence flow is modeled 445 
with SST-DES method and the motions are obtained by solving 6DoF equations. Dynamic overset 446 
grid is used to prevent the near wall mesh distortion during large yaw motions. Results from 447 
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stationary drag simulations show that the current DES turbulence is applicable to accurately 448 
predict the drag of complex multi-column hull geometry. Several reduced velocities range from 3 449 
to 11 are investigated for VIM. The transverse motion responses predict by the current numerical 450 
approach are in good agreement with CFD results by Antony et al. [24]. Spectral analysis using 451 
FFT for transverse and yaw motion time series are conducted. The transverse motion in lock-in 452 
scenario is governed by dominant frequency equal to vortex shedding frequency. Unlike VIV, the 453 
vortex shedding frequency in VIM of semi-submersible does not lock on one natural transverse 454 
frequency. It increases as current velocity increases. FFT results for yaw response show that yaw 455 
motion is induced by vortex shedding. Synchronized behavior for yaw motion occurs when 456 
shedding frequency is approaching yaw natural frequency. The work done by pontoon is always 457 
negative, suggesting the damping effect of pontoon on VIM response. The flow reattachment on 458 
the backface of upstream columns, together with the synchronized vortex shedding between 459 
multiple upstream columns, are accounting for the pronounced VIM motion in lock-in range. 460 
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